xperimental and clinical studies suggest that oxidative stress plays a key role in the pathogenesis of cardiovascular disease (CVD). [1] [2] [3] [4] Oxidative stress status is usually defined as overproduction of reactive oxygen/nitrogen species in imbalance with endogenous antioxidant defenses, which in turn result in increased oxidative damage. 5 Several biomarkers, including target oxidation products and antioxidants, have been proposed for assessment of the level of oxidative stress, but clinical data examining association between markers and CVD independent of common risk factors are limited. [5] [6] [7] Recently, peroxiredoxin 4 (Prx4), which is a secretable and stable isoform of the Prx family of antioxidant peroxidases, 8 has been found in the circulation of humans. Prx4 can be precisely measured by a validated immunoassay. 9 Previous evidence has shown abundant cellular antioxidant activity of Prx4 and other Prx isoforms in all mammals protecting against oxidative stress. [10] [11] [12] [13] So far, a limited number of small-scale studies have evaluated the association of the serum Prx4 with clinical data. 9, 14 In these studies, serum level of Prx4 was increased in septic patients compared with that of healthy individuals and was positively associated with well-established inflammatory markers like procalcitonin, C-reactive protein (CRP), and interleukin 6 (IL-6). 9, 14 Recently, a study in patients presenting to emergency departments showed the incremental prognostic value of Prxr4 to predict 30-day survival beyond usual risk predictors. 15 We aimed to investigate whether serum Prx4 is a predictor of CVD and all-cause mortality. For this study, we used data of a large-scale observational cohort of the general population and examined the association of Prx4 with incident CVD events or CVD mortality, and all-cause mortality. Because a major clinical application of a biomarker lies within risk stratification and guided preventive strategies, [16] [17] [18] [19] we also evaluated the incremental predictive value of Prx4 above the Framingham risk score for the 10-year risk of CVD.
Methods Study Population and Design
The study population was obtained from the Prevention of Renal and Vascular End-stage Disease (PREVEND) study, a Dutch cohort drawn from the general population (age range, 28 to 75 years) of the city of Groningen, the Netherlands, between 1997 and 1998. We have reported details of the study design and recruitment of participants elsewhere. 20, 21 Briefly, 40 856 individuals (47.8%) completed a questionnaire on demographics, history of cardiovascular and metabolic outcomes, medication use and pregnancy before their first visit, and collecting an early-morning urine sample in a vial to measure urinary albumin concentration. Those who were unable or unwilling to participate, individuals using insulin, and pregnant women were excluded. The baseline PREVEND participants were recruited from a total of 6000 individuals with a urinary albumin concentration ≥10 mg/L and a random control sample of individuals with a urinary albumin concentration <10 mg/L (n=2592). In the baseline cohort, serum Prx4 assay was missing for 370 participants, leaving 8222 for the baseline crosssectional analyses. The PREVEND study was approved by the local medical ethics committee at the University Medical Center Groningen and conformed to the principles outlined in the Declaration of Helsinki. All participants gave written informed consent.
Clinical and Biomarker Measurements
In the baseline screening, study participants underwent 2 outpatient visits to assess demographics, anthropometric measurements, cardiovascular and metabolic risk factors, health behaviors, and medical family history and to collect two 24-hour urine samples on 2 consecutive days. Furthermore, information on medication use was substantiated with use of pharmacy-based data from all community pharmacies in the city of Groningen. 22 Smoking and alcohol use were based on self-reports. Hypertension was defined on the basis of self-report of diagnosis by a physician, measured hypertension (≥140/ 90 mm Hg systolic/diastolic blood pressure), or the use of blood pressure-lowering agents. Prevalent cases of type 2 diabetes were ascertained if 1 or more of the following criteria were met: (1) a fasting plasma glucose ≥7.0 mmol/L (126 mg/dL) or a random sample plasma glucose of 11.1 mmol/L (200 mg/dL), or (2) self-report of diagnosis by a physician, or (3) use of glucose-lowering agents according to a central pharmacy registration. 23 Prevalent CVD was defined on the basis of self-reported physician diagnosis of cardiac, cerebral, and peripheral events by a physician. Kidney disease was defined on the basis of a history of kidney disease requiring dialysis or estimated glomerular filtration rate (eGFR) <60 mL/ min per 1.73 m 2 . We used the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation to calculate eGFR. 24 In all participants, blood sample measurements for biomarkers were taken after an overnight fast. Serum Prx4 level was measured retrospectively in analogously stored baseline serum samples by a novel immunoluminometric assay, which was described previously. 9 The functional assay sensitivity (interassay coefficient of variation <20%) was 0.51 U/L. The intraassay coefficient of variation was <8% throughout the range of Prx4 levels. 9, 14 Insulin was measured with an AxSym autoanalyzer (Abbott Diagnostics, Amstelveen, the Netherlands). Details on assays for total cholesterol, highdesnity lipoprotein (HDL) cholesterol, triglycerides, hs-CRP, and procalcitonin have been described previously. 25 These baseline assays were performed in EDTA-plasma aliquots that had been stored frozen at À80°C without previous thawing and refreezing. Twenty-four-hour urinary albumin excretion (UAE)-given as the mean of the two 24-hour urine excretions-was measured by nephelometry with a threshold of 2.3 mg/L and intra-and interassay coefficients of variation <2.2% and <2.6%, respectively (Dade Behring Diagnostic, Marburg, Germany). All technicians were blinded to the participants' characteristics.
Definition of Outcomes
In prospective data, we ascertained the main outcomes as follows: (1) incident CVD events, (2) incident CVD events or CVD mortality, and (3) all-cause mortality (up to January 1, 2009). Information (on hospitalization) for incident CVD events was obtained from PRISMANT, the Dutch national registry of hospital discharge diagnoses. The validity of this database has been shown to be good, with 84% of primary diagnoses and 87% of secondary diagnoses matching the diagnoses recorded in patients' charts. 26 Prx4 . Subsequently the models were compared in terms of the following measures, taking into account the time-to-event nature of the data 18, 19, 29, 30 : (1) Harrell's C-statistic for the Cox proportional hazards regression to quantify the discrimination performance of the models (ability to distinguish between individuals with and without outcome); (2) net reclassification improvement (NRI) to examine if individuals with and without outcome were correctly reclassified (using the threshold values <6%, 6% to 20%, and ≥20% for categories of low-, medium-, and high risk, respectively 28, 31 ); and (3) integrated discrimination improvement (IDI), a continuous measure of reclassification.
Of the baseline sample of 8592 participants, 451 had a history of CVD. To do the prospective analyses, we first excluded these prevalent cases of CVD, leaving 8141 participants. For most baseline variables, fewer than 1% were missing; however, this was up to 8% for self-reported variables. We performed a single imputation with predictive mean matching for missing data. This method can be used for skewed data with <10% missingness, because it produces less biased estimates for a nonlinear model and imputations are in the metric of the observed data. 32, 33 Moreover, a weighted method was performed to compensate the baseline enrichment for the PREVEND participants with UAC ≥10 mg/L. Given the frequency of individuals with UAC ≥10 mg/L (24.4%) in our general population, 20, 21, 27 we calculated the weight by sampling fractions. Those with UAC ≥10 mg/L had a weight=0.35, and those with UAC <10 mg/L had a weight=2.51. Subsequently, we performed secondary analyses to take into account residual confounding. To do this, we incorporated other covariates that might be confounding of the association between Prx4 and the risk of incident CVD in combination with the Framingham risk factors (model 2). First, we further adjusted for BMI or waist circumference in separate models. Second, we adjusted for family history of CVD and examined the effects of kidney disease on this association. Third, we calculated metabolic syndrome, which was defined according to the National Cholesterol Education Program's Adult Treatment Panel III report criteria. 25 And then we adjusted for metabolic syndrome or insulin in combination with variables in model 2. Next, we examined the association of Prx4 with each component of CVD events or CVD mortality including myocardial infarction, cerebrovascular disease, and cardiovascular mortality. In addition, we performed another analysis that included those who had a history of CVD. In total population, we further adjusted history of CVD in combination with the variables in model 2.
And then we performed a similar analysis in participants with a history of CVD. We used Cox proportional hazards regression with fractional polynomials to search for the bestfitting functional form of Prx4 in the model for incident CVD (model 2). Given the number of each event, we had 80% power at a 0.05 significance level to detect a hazard ratio=1.29 for myocardial infarction, 1.25 for cerebrovascular disease, and 1.23 for CVD mortality. All statistical analyses were carried out using IBM SPSS 19.0 and R version 2.10.1 (Vienna, Austria; http://75cran.r-project.org/).
Results

Baseline Characteristics
Baseline clinical characteristics of the total population and corresponding tertiles of serum Prx4 are summarized in Table 1 . Median (Q1, Q3) Prx4 levels were 0.71 (0.45 to 1.16) U/L in men and 0.66 (0.42 to 1.08) U/L in women (P<0.001). Across tertiles of Prx4, those who had higher Prx4 levels were older, more obese, less frequent alcohol drinkers, and more likely to have a history of CVD, hypertension, and prevalent diabetes. Prx4 levels were positively correlated with age, BMI, waist circumference, systolic blood pressure, glucose, triglycerides, insulin, 24-hour UAE, and inflammatory biomarkers of hs-CRP and procalcitonin and were inversely correlated with HDL cholesterol (P<0.001 for all correlations) ( Table 2 ). In the backward-elimination regression model, log 2 Prx4 was positively associated with age (b=0.006, P<0.001), history of CVD (b=0.203, P=0.001), triglycerides (b=0.048, P<0.001), log 2 hs-CRP (b=0.102, P<0.001), log 2 UAE (b=0.050, P<0.001), and log 2 insulin (b=0.102, P<0.001) and was inversely associated with female sex (b=À0.059, P=0.03), alcohol use (b=À0.083, P<0.001), and total cholesterol (b=À0.060, P<0.001) ( Table 3) .
Incident CVD and All-Cause Mortality
During median (Q1, Q3) follow-up of 10.5 (9.9 to 10.8) years, 663 participants (8.1%) developed incident CVD events, 708 participants (8.7%) developed incident CVD events or CVD mortality, and 517 participants (6.3%) died (of whom 135 died of cardiovascular causes). Median (Q1, Q3) Prx4 levels were 0.88 (0.54 to 1.45) U/L and 0.85 (0.53 to 1.46) U/L in participants who developed incident CVD events or CVD mortality and all-cause mortality, respectively. In Figure 1 , the cumulative survival to incident CVD events and to incident CVD events or CVD mortality is shown based on tertile groups. The crude cumulative incidence rates (per 1000 person-years) and hazard ratios (HRs) with 95% confidence intervals (95% CIs) in crude and multivariable-adjusted models for the risk of developing incident CVD events, incident CVD events or CVD mortality, and all-cause mortality are shown in Table 3 . Age-and sex-adjusted HRs (95% CIs) ranged from 1.32 (1.07 to 1.63) for incident CVD events to 1.40 (1.08 to 1.79) for all-cause mortality when comparing the highest tertile with the first tertile of Prx4 (P for trend <0.001). In a model adjusted for the Framingham risk factors, Prx4 was significantly associated with an increased risk of incident CVD and all-cause mortality. The proportional hazards assumptions were met for all models. In further models, stepwise adjustment for alcohol use, triglycerides, hs-CRP, and 24-hour UAE minimally attenuated the associations of Prx4 with incident CVD events or CVD mortality. This was comparable to calculation of HR per doubling of Prx4 level for each outcome. We observed a 15% increased risk of incident CVD events independent of the Framingham risk factors per doubling of Prx4 level (HR 1.15, 95% CI 1.05 to 1.26). This was a 16% and a 17% increase for incident CVD events or CVD mortality (HR 1.16, 95% CI 1.06 to 1.27) and all-cause mortality (HR 1.17, 95% CI 1.06 to 1.29), respectively ( Table 4) . In subsequent analyses, the associations of Prx4 with the risk of either incident CVD or allcause mortality were similar for men and women (data not shown).
To assess the incremental predictive value of Prx4 for the risk of CVD, we added Prx4 to the Framingham Risk Score as a continuous variable. 28 In our data set, the Framingham risk score had a C-statistic (95% CI) of 0.80 (0.78 to 0.82) for the 10-year risk of CVD. The addition of Prx4 modestly improved the C-statistic to 0.81 (0.79 to 0.82, P=0.02) and led to IDI of 0.003 (P<0.001) and NRI of 2.7% (95% CI 0.7% to 4.7%; P=0.01) ( Table 5 ). In patients without incident CVD events or CVD mortality, use of Prx4 reclassified 1% and 4% of participants in lower-and higher-risk categories (<6% and >20%), respectively. In patients with incident CVD events or CVD mortality, use of Prx4 reclassified 2% and 4% of participants in lower-and higher-risk categories, respectively. Tables 6 and 7 show the results of secondary analyses. Separately, adjustment for BMI or waist circumference in combination with the Framingham risk factors (ie, model 2) did not materially change the association of Prx4 with risk of incident CVD events or CVD mortality. Moreover, our results adjusted for both kidney disease and family history of CVD were similar to those of model 2. In addition, further adjustment for metabolic syndrome or insulin in model 2 Figure 1 . The cumulative probability of incident CVD events (A) and incident CVD events or CVD mortality (B) is shown by tertiles of Prx4. Data are shown for 8141 participants without CVD at baseline. CVD events were defined as a composite of nonfatal incident cardiac, cerebral, and peripheral vascular events. Overall, the log-rank tests were significant for all outcomes according to the tertiles of serum peroxiredoxin 4 (P<0.001). CVD indicates cardiovascular disease.
Secondary Analyses
did not affect the association. We also investigated whether Prx4 was associated with the components of incident CVD events or CVD mortality including myocardial infarction, cerebrovascular disease, and CVD mortality. After adjustment for the variables in model 2, HR (95% CI) in the highest tertile compared with the first tertile of Prx4 was 1.03 (0.71 to 1.50), 1.28 (0.85 to 1.93), and 1.22 (0.71 to 2.12) for myocardial infarction, cerebrovascular disease, and CVD mortality, respectively.
In another analysis, we examined the association of Prx4 with risk of incident CVD after adjustment for the variables in model 2 and a history of CVD in the total population. The adjusted HR (95% CI) in the highest tertile compared with the first tertile of Prx4 was 1.32 (1.11 to 1.59) for incident CVD events or CVD mortality. In Cardiovascular disease (CVD) events were defined as a composite of incident cardiac, cerebral, and peripheral vascular events. Participants with a history of CVD were excluded. These associations did not differ by sex. Hazard ratios (HRs) with 95% confidence intervals (CIs) have been adjusted for age and sex in model 1 and for the Framingham risk factors including age, sex, smoking, systolic blood pressure, use of antihypertensive therapy, diabetes at baseline, total cholesterol, and HDL cholesterol in model 2. TG indicates triglyceride; CRP, C-reactive protein; and UAE, urine albumin excretion. *Base-two logarithmically transformed Prx4, CRP, and 24-hour UAE were analyzed as continuous variables. Individuals with prevalent CVD were excluded.
participants with a history of CVD, the adjusted HR (95% CI) for the variables in model 2 in the highest tertile compared with the first tertile of Prx4 was 1.07 (0.73 to 1.56) for incident CVD events or CVD mortality (n=181). Figure 2 depicts the relationship of continuous Prx4 with incident CVD events or CVD mortality. We plotted for Framingham risk factor-adjusted (model 2) HRs and their 95% CIs as a function of Prx4. The optimal transformation was one in which the terms (Prx4) 1/2 and (Prx4) 1/2 9ln(Prx4) were incorporated. The solid line demonstrates that after a slight decrease in risk with levels slightly higher than the lowest ones that can be detected, the risk associated with increasing levels of Prx4 steeply increases until a plateau is reached with high levels of Prx4. Incremental value for risk prediction with the addition of (Prx4) 1/2 and (Prx4) 1/2 9ln(Prx4) to the model rather than log 2 -linear transformed Prx4 (C-statistic=0.81, 95% CI 0.79-0.82; IDI=0.004, P<0.001; NRI=3.6%, 95% CI 1.5% to 5.7%, P<0.001) was slightly higher, but very similar to that with log 2 -linear transformed Prx4.
Discussion
In this study, we demonstrated that serum Prx4, a circulating biomarker with antioxidant properties, was associated with the most common risk factors of CVD in a large general population cohort enriched with individuals with microalbuminuria. We found it to have an statistically significant positive association with age, history of CVD, systolic blood pressure, antihypertensive therapy, triglycerides, hs-CRP, UAE, and procalcitonin, wherea there was an inverse association with alcohol use and total cholesterol. Moreover, higher serum Prx4 levels were associated with significantly higher risk of incident CVD and all-cause mortality. For potential clinical application, we examined the incremental predictive value of Prx4 compared with the Framingham risk score. In particular, Prx4 modestly improved prediction for the 10-year CVD risk when added to the Framingham risk score in terms of discriminative ability and net reclassification. Our findings showing the associations of serum Prx4 level with cardiovascular risk factors and events support previous clinical studies suggesting a role of oxidative stress in the pathogenesis of CVD. 1, 2, 4, 34 In an earlier study, a higher urinary excretion of oxidative stress indices was reported in individuals with renovascular hypertension, which was correlated with endothelium-dependent vasodilatation. 4 Another study showed the independent association of oxidized low-density lipoprotein with the incidence of metabolic syndrome. 2 In line with this, genotypes and serum activity of paraoxonase 1, an HDL-related antioxidant, has been shown to be associated with systemic oxidative stress and cardiovascular outcomes in humans. 1 We now extend accumulating information obtained from animal and human studies on Prx4 of the family of thiol-dependent antioxidants in this era. An animal model of type 1 diabetes has indicated that Prx4 may have a pivotal role in the suppression of apoptosis and the proliferation of progenitor cells to protect against oxidative stress-induced b-cell dysfunction.
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In line with this, higher gene expression of Prx4 has been found in the islets of a high-fat diet model of b-cell dysfunction 35 and downregulated expression of Prx4 in islets in diabetic mice with chronic hyperglycemia. 36 Moreover, recent studies have suggested that Prx4 might be involved in the protection against celiac disease and cancer in the pancreas and lung with increased expression and production of Prx4 in the related human tissues. 12, 37, 38 Consistently, Prx1, another member of the Prx family, has also shown to be involved in a broad range of oxidative stress-related outcomes in the cardiovascular system. 39, 40 Importantly, Prx4 is the only secretable member of the family in animals and humans. 8, 11 Recently, clinical data have shown that Prx4 levels were increased in sera of septic patients compared with healthy individuals. 14, 15 Consistent with this, we showed the relation between Prx4 and inflammatory markers and also explored its relation with measures of adiposity, blood pressure, glycemia index, lipids, and albuminuria. All these markers are underlying in central biological pathways of metabolic traits and CVD. 27, 41 Other recent data from patients who presented to emergency departments showed that serum Prx4 level was increased in nonsurvivors and that there was improved prognostic information for survival at 30 days when it was added to a clinical risk score. 15 One main explanation for these findings may be that concomitant production and secretion of Prx4 can be augmented to protect against the increased rate of oxidative stress in relation to adverse cardiovascular and metabolic conditions. 42 Interestingly, in secondary analyses with fractional polynomials, we found support for the notion that very low levels of Prx4 compared with somewhat higher levels are associated with a slightly increased risk. Possibly this makes up a subgroup of subjects with constitutively low levels of Prx4, which predisposes to CVD. The high risk with more elevated levels of Prx4 is consistent with a compensatory increase in Prx4 in response to existing oxidative stress. At the cellular level, Prx4 may promote antioxidant activity via several pathways, such as nuclear factor kB, 43 p53, 44 thromboxane A2 receptor, 45 and NF-E2-related factor 2 (Nrf2). 46 Despite equivocal findings of supplementing antioxidant vitamins to prevent cardiovascular and metabolic diseases, 1,47 a recent trial 48 showed an effective intervention of a specific antioxidant, that is, an Nrf2 antagonist that is related to Prx4 pathway, against decline of renal function in patients with chronic kidney disease and type 2 diabetes. Therefore, this might be an opening line for novel therapeutic targets and monitoring tools for metabolic traits and CVD. Next, we assessed the clinical application of Prx4 for the risk prediction of CVD. To do this, we used information from a general 10-year risk of CVD based on the Framingham risk score 28 and examined whether Prx4 might have incremental predictive value above this risk score. We did not develop new models, but chose an appropriate approach in prediction research by using the information retained in the existing prediction model. 19, 30, 31, 49 Of note, there are usually missing values for baseline data in an observational study. We had <10% of data missing, and we used a single imputation and predictive mean matching. Imputation for missing values will increase the power and precision of a study and minimize the risk of biased findings. 50 Finally, we used reclassification measures, which are more sensitive and more clinically relevant than C-statistic alone. 18, 19, 49 For CVD, the addition of Prx4 to the Framingham risk score marginally improved prediction in terms of discrimination and reclassification. Overall, the addition of Prx4 correctly reclassified 2.7% of participants for risk of CVD obtained by the Framingham risk score. Further studies are warranted to confirm our findings for this oxidative stress biomarker in different settings 17 and among individuals with other comorbidities such as diabetes. There are some limitations to this study that should be addressed. Our cohort predominantly comprised white adults, and it is therefore unknown whether our findings can be generalized to nonwhites. The PREVEND cohort was enriched for microalbuminuria at baseline. However, a weighted method was performed to compensate for this, which did not affect the results. Moreover, we investigated the association of only baseline and not serial circulating levels of Prx4 with the future risk of outcomes of interest. The extent of within-individual variation over time might affect the statistical power of a study. 51, 52 For example, higher variation can lead to less power, and then the estimated risk is attenuated using a single Prx4 measurement. Although we accounted for confounding of traditional cardiovascular risk factors, a potential for uncontrolled or residual confounding would be plausible. Finally, we had no data on other oxidative stress markers such as oxidized lowdensity lipoprotein and homocysteine to compare their predictive values with that of Prx4.
In conclusion, our results suggest that higher serum Prx4 levels are associated with most cardiovascular risk factors including albuminuria and hs-CRP in a general-population cohort study. Moreover, higher serum Prx4 levels were associated with a significantly higher risk of incident CVD events or CVD mortality and all-cause mortality after adjustment for traditional cardiovascular risk factors. Prx4 marginally improves the 10-year risk prediction for CVD when added to the Framingham risk score.
